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(57) A novel chemical heat storage material which
can further improve the matching with a heat medium
storage material and the efficiency of a chemical heat
storage system is provided. The chemical heat storage
material according to the present invention is a chemical
heat storage material that becomes exothermic or endo-
thermic due to absorption or release of a heat medium,
and is characterized in that it comprises a double metal
salt (MX,,, n: average valence number of M) that is a
metal halide comprising a metal element (M) and a hal-
ogen element (X), and at least one of the metal element
and the halogen element comprises two or more types
of elements. The coordination number of the heat medi-
umcan change by atleast4 or more due to a heat medium
absorption/release reaction that absorbs or releases the
heat medium. Preferable examples of the chemical heat
storage material according to the present invention in-
clude Ca 5Sr( 5Cl, which is a double alkaline-earth met-
al halide. The present invention can be perceived not
only as the chemical heat storage material but also as a
manufacturing method for the same and a chemical heat
storage structure that uses the same.
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Description
[Technical Field]

[0001] The presentinvention relatestoachemical heat
storage material comprising a double metal salt, a man-
ufacturing method for the same, and a chemical heat
storage structure using the same.

[Background Art]

[0002] With the raising of environmental awareness,
research and development are being actively carried out
for saving energy and improving energy efficiency. Some
ofthem focus a chemical heat storage system which uses
a chemical heat storage material capable of long term
heat storage even without heat-retention because the
heat storage density is large. This allows relatively low
temperature waste heat (or exhaust heat), such as gen-
erated from various equipment and plants, to effectively
be utilized.

[0003] The chemical heat storage system transfers a
heat medium (such as ammonia and water) between the
chemical heat storage material and a heat medium stor-
age material thereby to perform heat storage (become
endothermic) and release the heat (become exothermic).
In order for this system to have high efficiency and to be
reduced in size, it is important to achieve a matching in
operating temperature and working pressure between
the chemical heat storage material and the heat medium
storage material. Therefore, itis required for the chemical
heat storage material not only to have a high heat storage
density but also to be capable of efficiently absorbing or
releasing the heat medium under the operating temper-
ature and the working pressure that match the heat me-
dium storage material.

[0004] As the chemical heat storage material, in gen-
eral, materials such as calciumoxide (calcined lime) have
been conventionally used which react with water to form
hydroxide, but in recent years, materials such as metal
chloride have been being utilized which form ammonia
complex (ammine complex) operable under a lower tem-
perature. A chemical heat storage material consisting on-
ly of single metal salt such as calcium chloride (CaCl,),
however, has fixed operating temperature and working
pressure, which do not necessarily match the heat me-
dium storage material, and the chemical heat storage
system may have to be limited in its efficient operation.
In this regard, a chemical heat storage material using
plural types of single metal salts is proposed, and de-
scriptions relevant thereto are disclosed in Patent Liter-
ature (PTL) below, for example.

[Citation List]
[Patent Literature]

[0005]
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[PTL 1]

Japanese Patent No. 3111667

[PTL 2]

Japanese Examined Patent Application Publication
No. 59-25159

[PTL 3]

Japanese Unexamined Patent Application Publica-
tion No. 01-302077

[PTL 4]

Japanese Translation of PCT International Applica-
tion, No. 2007-531209

[PLT 5]

U. S. Patent No. 5,289,690

[Summary of Invention]
[Technical Problem]

[0006] PTL 1 appears to describe that a calcium salt
mixture obtained by dissolving, condensing and drying
CaCl, and CaBr, has a higher ammonia (NH3) release
temperature than that of a simple mixture thereof. This
Patent Literature, however, does not explicitly disclose
the crystal structure and the action of the calcium salt
mixture. In addition, the calcium salt mixture may be such
that the change in coordination number when releasing
ammonia is smaller than that of CaCl, as simple sub-
stance, and the reversibly available heat storage density
is also small.

[0007] PTL 2 appears to describe that an appropriate
amount of sodium chloride (NaCl) and/or potassium chlo-
ride (KCI) is mixed into zinc chloride (ZnCl,) in a molten
state thereby to allow the ZnCl,, which reacts with NH5,
to have a reduced vapor pressure and melting tempera-
ture. However, the NaCl and KCI in this case may be
used merely for the purpose of stabilizing the molten
ZnCl, which absorbs/releases NH,. In other words, PTL
2 does not provide any novel chemical heat storage ma-
terial that has different characteristics than those of con-
ventional ones.

[0008] PTL 3 to PTL 5 appear to disclose chemical
heat storage systems and the like, and exemplify metal
halides as examples of a chemical heat storage material
to be used. However, nothing therein describes specific
features of the chemical heat storage material itself.
[0009] The presentinvention has been created in view
of such circumstances, and objects of the present inven-
tion include providing a novel chemical heat storage ma-
terial which has a different pressure/temperature range
and a different change in coordination number where the
heat medium absorption/release reaction occurs from
those of conventional chemical heat storage material
comprising single metal salt and which matches a heat
medium storage material in a further enhanced manner
thereby to allow the chemical heat storage system to ef-
ficiently be operated, and also providing a manufacturing
method for the same. Another object of the present in-
vention is to provide a chemical heat storage structure
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that uses the chemical heat storage material.
[Solution to Problem]

[0010] As a result of intensive studies to solve such
problems and repeating trial and error, the present in-
ventors have successfully synthesized, from calcium
chloride (CaCl,) and strontium chloride (SrCl,) as single
metal salts, Cag.5Srp 5Cl, (CaSrCl,) which is a double
salt different from the metal salt mixture of the single met-
al salts. Ithas been found that this double metal salt caus-
es the heat medium absorption/release reaction under a
different condition from those for conventional single met-
al salts and exhibits a large change in coordination
number. Developing this achievement, the present in-
vention has been accomplished as will be described
hereinafter.

«Chemical heat storage material»
[0011]

(1) The chemical heat storage material according to
the presentinvention is a chemical heat storage ma-
terial that becomes exothermic or endothermic due
to absorption or release of a heat medium, and is
characterized in that it comprises a double metal salt
(MX,,, n: average valence number of M) thatis a met-
al halide comprising a metal element (M) and a hal-
ogen element (X), and at least one of the metal ele-
ment and the halogen element comprises two or
more types of elements.

(2) The chemical heat storage material according to
the presentinvention is not a simple mixture of single
metal salts (compounds in each of which one type
of metal ion (cation) and one type of anion are ioni-
cally bonded), and comprises a double metal salt in
which plural metal elements and/or plural halogen
elements are combined in the atomic level (ionically
bonded).

[0012] This double metal salt can exhibit various char-
acteristics different from those of single metal salts and
mixture thereof (metal salt mixture) which have been
used as conventional chemical heat storage material. For
example, characteristics, such as the crystal structure,
the equilibrium pressure where the heat medium absorp-
tion/release reaction occurs, and the change in coordi-
nation number at the time of the reaction, are different
from those of conventional single metal salts. Character-
istics, such as the equilibrium pressure and the change
in coordination number, can be varied by adjusting the
ratio of elements that constitute the double metal salt
(combining ratio). According to the present invention,
therefore, a chemical heat storage material of high heat
storage density can be provided which is suitable for im-
proving the operating characteristics of the heat medium
storage material and the efficiency of the chemical heat
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storage system.

(3) Although the reason is not necessarily sure that
the double metal salt according to the present inven-
tion develops, in such a way, different characteristics
from those of conventionally used single metal salts,
it may be considered under present circumstances
as below. That is, the average ion radius ratio and
the electronegativity ratio of cations and anions ap-
pear to be appropriate values thereby to realize a
crystal structure and a cell volume that provide a
large change in coordination number.

(4) Provided that the chemical heat storage material
according to the present invention comprises the
above-described double metal salt, it may also com-
prise two or more types of double metal salts, or may
be one in which one or more double metal salts and
one or more single metal salts are mixed. Mixing
other metal salts or other appropriate substances
into the double metal salt, and adjusting components
of the chemical heat storage material, can further
optimize the matching with the heat medium storage
material, the equilibrium region of the heat medium
absorption/release reaction, the change in coordina-
tion number of the heat medium, and other factors.

«Manufacturing method for chemical heat storage mate-
rial»

[0013] The above-described chemical heat storage
material according to the present invention may be ob-
tained by a manufacturing method according to the
present invention as below, for example. That is, the
above-described chemical heat storage material can be
obtained through a calcination step that calcines a metal
salt mixture obtained by mixing two or more types of metal
salts. The calcination step appears to diffuse metal ions
(e.g., Ca2* and Sr2*) and halogen ions (such as Cl-and
Br) contained in the metal salts to generate a double
metal salt (e.g., Ca,Sry_,Cly) which is more thermody-
namically stable than a simple metal salt mixture.
[0014] The manufacturing method according to the
present invention may further comprise a molding step
that obtains, before the calcination step, a molded body
in which the metal salt mixture is pressurized and molded,
and the calcination step may be a step that calcines the
molded body to obtain a calcined body. This allows a
more homogeneous chemical heat storage material to
be obtained. Note that the obtained calcined body may
be used as a chemical heat storage material without be-
ing further processed, or may also be used after being
fractured or crushed.

«Chemical heat storage structure»
[0015]

(1) The present invention can be perceived not only



5 EP 2 749 624 A1 6

as the above-described chemical heat storage ma-
terial and the manufacturing method for the same
but also as a chemical heat storage structure that
comprises the chemical heat storage material. That
is, the present invention can also be understood as
a chemical heat storage structure characterized by
comprising the above-described chemical heat stor-
age material and a binder that holds the chemical
heat storage material. This allows a chemical heat
storage structure to be obtained which has a form
satisfying the specifications of a reactor and other
related devices and which also has an enhanced me-
chanical strength.

(2) Itmay be preferred that the chemical heat storage
structure further comprises a highly thermal-conduc-
tive material having a higher thermal conductivity
than those of the chemical heat storage material and
the binder. Containing such a highly thermal-con-
ductive material allows the heat exchange rate be-
tween the chemical heat storage structure and the
external to be increased, so that the heat medium
absorption/release reaction is facilitated thereby to
improve the efficiency of the chemical heat storage
system. Note that the binder and the highly thermal-
conductive material need not be configured of differ-
ent materials, and may be configured of the same
material. For example, carbon fiber as a highly ther-
mal-conductive material can be used as the binder.

«Others»

[0016] Unless otherwise stated, a numerical range "x
to y" as used herein includes the lower limit value x and
the upper limit value y. Various numerical values or any
numerical value included in various numerical ranges de-
scribed herein may be freely selected or extracted as a
new lower limit value or upper limit value, and any nu-
merical range such as "a to b" may thereby be newly
provided using such a new lower limit or upper limit.

[Brief Description of Drawings]
[0017]

[Fig. 1]

Fig. 1 is a graph illustrating X-ray diffraction patterns
of respective samples.

[Fig. 2]

Fig. 2 is a graph illustrating a relationship between
the ammonia gas pressure and the ammonia coor-
dination number of each sample.

[Fig. 3A]

Fig. 3A is a diagram illustrating the crystal structure
of adouble metal salt (Ca, 5Sr, 5Cl,) that constitutes
the chemical heat storage material of Sample No. 1.
[Fig. 3B]

Fig. 3B is a diagram illustrating the crystal structure
of a single metal salt (CaCl,) that is one raw material
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thereof.

[Fig. 3C]

Fig. 3C is a diagram illustrating the crystal structure
of a single metal salt (SrCl,) that is the other raw
material thereof.

[Description of Embodiments]

[0018] The presentinvention will be described in more
detail with reference to embodiments of the invention.
One or more contents freely selected from the description
herein may be added to the above-described features of
the present invention. The contents described herein
may be applied not only to the chemical heat storage
material but also appropriately to the manufacturing
method for the same and the heat storage structure. Fea-
tures regarding the manufacturing method, when under-
stood as a product-by-process, may also be features re-
garding a product. Which embodiment is the best or not
is different in accordance with objectives, required per-
formance and other factors.

«Chemical heat storage material»
(1) MX,

[0019] The double metal salt according to the present
invention may be represented by MX,, (M: metal element,
X: halogen element, MX,, n: average valence number of
M), and is a double metal salt in which at least one of M
and X comprises two or more types of elements. The
average valence number (n) of M as used herein refers
to an average value of ion valence numbers when the
plural metal elements become respective metal ions. For
example, in the case of a double metal salt (MI,M2,_,X,,)
that comprises two types of metal elements (M1 and M2)
and one type of halogen element (X), we obtain
n=m1Xx+m2X(1-x), where ml represents the ion va-
lence number of M1, m2 represents the ion valence
number of M2, and x (0<x<1) represents the ratio of the
number of atoms of M1 to the total number of atoms of
the metal elements (combining ratio).

[0020] The double metal salt may also comprise plural
halogen elements. The ion valence number of any halo-
gen element is -1 in general, and hence, a double metal
salt that comprises two types of halogen elements (X1
and X2), for example, may be expressed as
M(X1yX21_y)n, where y (0<y<1) represents the ratio of
the number of atoms of X1 to the total number of atoms
of the halogen elements (combining ratio). Furthermore,
a double metal salt that comprises two types of metal
elements and two types of halogen elements may be
expressed as M1,M2_,(X1,X24_),.

(2) Crystal structure

[0021] The double metal salt according to the present
invention may take various crystal structures depending
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on the constituent elements. For example, the double
metal salt may have a crystal structure, such as
CaF,-type, Srl,-type, CaCl,-type, SrBr,-type,
PbCl,-type, CdCl,-type or Cdly-type crystal structure.
The crystal structure of the double metal salt may be, but
not limited to, different from those of the single metal salts
as the basis, or may otherwise be the same therewith. It
should be appreciated that the cell volume of the double
metal salt has a different value from those of the single
metal salts even in the case of the same crystal struc-
tures. This allows the double metal salt to develop differ-
ent characteristics (such as the equilibrium pressure and
the change in coordination number) from those of the
single metal salts.

[0022] The double metal salt may preferably be such
that the coordination number of the heat medium chang-
es rapidly in a certain operating region because in this
case the heat storage density that can match the heat
medium storage material becomes high. In this respect,
it may be preferred that the double metal salt has a crystal
structure in which the coordination number of the heat
medium changes by at least 4 or more, preferably 5 or
more, and further preferably 6 or more, in the vicinity of
(before and after) an equilibrium region where the heat
medium absorption/release reaction for absorbing or re-
leasing the heat medium becomes an equilibrium state.

(3) Affinity

[0023] If the double metal salt according to the present
invention comprises two or more types of metal elements
(M1, M2, ...), then it may be preferred that those metal
elements are elements having high affinity with each oth-
er. This allows a stable double metal salt to be readily
synthesized. In addition, the double metal salt which is
obtained from raw materials of two or more types of single
metal salts comprising affinitive metal elements may be,
although depending on the composition and the combin-
ing ratio, such that the operating region of the heat me-
dium absorption/release reaction tends to be at an inter-
mediate between those of the single metal salts. There-
fore, a blank region of the operating region, which would
occur when single metal salts were merely used, can be
filled with that of a double metal salt for which the types
of single metal salts and the compounding ratio (combin-
ing ratio) thereof are appropriately selected. This can re-
sultinimproving the matching with the heat medium stor-
age material and the efficiency of the chemical heat stor-
age system. Note that the affinity as used hereinincludes
not only a situation where two or more metal elements
as simple substances have similar characteristics but al-
so a situation where halides (single metal salts) of two
or more metal elements cause similar heat quantities dur-
ing the heat medium absorption/release reaction. For ex-
ample, if halides of two or more metal elements generate
similar heat quantities when those halides react with wa-
ter as the heat medium to form hydrates or when those
halides react with ammonia as the heat medium to form
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ammine complexes, then those two or more metal ele-
ments are referred to as having affinity herein.

[0024] Specific examples of a situation where plural
metal elements are affinitive include a case where the
metal elements are congeners, a case where the metal
elements can become ions of the same valence number,
a case where the metal elements have similar arrange-
ments of electrons, and a case where the metal elements
generate mutually a solid solution. Such specific exam-
ples further include a case where single metal salts (hal-
ides) of the metal elements have similar operating re-
gions that cause the heat medium absorption/release re-
action, similar coordination numbers, or similar changes
in coordination numbers.

[0025] Specific examples of a set of affinitive metal el-
ements include a set among alkaline-earth metal ele-
ments (such as Mg, Ca, Sr, and Ba). Preferable example
of a double metal salt comprising such metal elements
may be a double alkaline-earth metal halide that com-
prises two or more types of alkaline-earth metal elements
and a halogen element. More specifically, Ca,Sr_Cl,
(0<x<1) as the double alkaline-earth metal halide may
be preferable. In this case, the crystal index value (V/Z)
may be 50-130 cubic angstroms, preferably 75-90 cubic
angstroms, and more preferably 77-85 cubic angstroms.
This double metal salt may take a crystal structure of
either CaF,-type, Srl,-type, CaCly-type, or SrBry-type
depending on the value of combining ratio x.

[0026] If the double metal salt comprises two or more
types of halogen elements, then it may be preferred that
the halogen elements are either two or more types of
chlorine (Cl), bromine (Br), or iodine (l), which may be
affinitive among congener elements (group 17).

[0027] In addition to the above, preferable examples
ofthe double metal salt according to the presentinvention
include SryBa,Cl, (0<y<1), Sr(Cl,Bry,), (0<z<1),
K5SrCl,, and KSr,Clg. Note that y and z each represent
the combining ratio.

(4) Others

[0028] The chemical heat storage material according
to the present invention may comprise one or more dou-
ble metal salt single substances, or a mixture of one or
more double metal salts and one or more single metal
salts. Moreover, each double metal salt or each single
metal salt may be a hydrate or an ammine complex.

«Manufacturing method for chemical heat storage mate-
rial»

(1) Raw materials

[0029] The metal salt as a raw material may be, al-
though the type is not limited, one which consists of a
single metal salt, or one which comprises a double metal
salt. Examples of the metal salt as a raw material include
alkali metal chloride such as LiCl, NaCl or KCI, alkaline-
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earth metal chloride such as MgCl,, CaCl, or SrCl,, and
transition metal chloride such as MnCl,, FeCl,, CoCl, or
NiCl,. These metal salts may be freely combined, but the
combination of affinitive metal salts may be preferable
as described above.

(2) Molding step

[0030] The molding step, which is a step that obtains
a molded body in which the metal salt mixture obtained
by mixing two or more types of metal salts is pressurized
and molded, may be conducted as necessary. The mold-
ing pressure during this step may be 40 MPa or more,
and preferably 60 MPa or more, for example. If the mold-
ing pressure is unduly low, then the contact between the
two or more metal salts will be insufficient, and the diffu-
sion in the calcination step cannot sufficiently be facili-
tated. The upper limit of the molding pressure is not re-
stricted, but the productivity may be improved if the upper
limit is 300 MPa or less, and preferably 150 MPa or less.
To avoid the deliquescence, it may be preferred that the
molding step is performed under a low humidity environ-
ment where the water concentration is 0.3% or less, pref-
erably 100 ppm or less, more preferably 10 ppm or less,
and most preferably 1 ppm or less.

(3) Calcination step

[0031] The calcination step is a step that calcines the
above metal salt mixture, and this step may be necessary
for diffusing the constituent elements of the double metal
salt to combine them in the atomic level. If the molding
step is performed before this calcination step, then the
calcination step is a step that calcines the above molded
body to obtain a calcined body. The calcination temper-
ature may preferably be 300-800 degrees C, more pref-
erably 500-700 degrees C, and most preferably 550-650
degrees C. If the calcination temperature is unduly low,
then the diffusion of each element will be insufficient,
while on the other hand, if the calcination temperature is
unduly high, then the productivity may be poor. To pre-
vent the chemical heat storage material from deteriorat-
ing due to the reaction with the atmospheric components,
the calcination step may preferably be performed under
a degree of vacuum of 1,000 Pa or less, more preferably
100 Pa or less, and most preferably 10 Pa or less.

(4) Others

[0032] The calcined body obtained in the calcination
step may be used as a chemical heat storage material
without being further processed, or may also be used
after being fractured or crushed as necessary. In an al-
ternative embodiment, powder particles of the double
metal salt may be formed into pellets to be used as a
chemical heat storage material.
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«Chemical heat storage structure»

[0033] The chemical heat storage structure according
to the present invention basically comprises: the above-
described chemical heat storage material that comprises
the double metal salt; and a binder that holds the chem-
ical heat storage material, and may further comprise a
highly thermal-conductive material as necessary.

(1) Chemical heat storage material

[0034] The chemical heat storage material (heat stor-
age particle) as a raw material may be a hydrate or an
ammine complex of the above-described double metal
salt. This chemical heat storage material may be powder-
like or grain-like, but the particle form and the particle
diameter thereof are not restricted. In consideration of
properties, such as the mixing ability with the binder and
the formability, it may be preferred that the particle diam-
eter is 1 micrometer to 1 mm when observed using an
electron microscope.

(2) Binder

[0035] The type of the binder is not restricted, but the
binder may preferably be an inorganic material. Prefer-
able examples to be used may also include a silicate salt
and a low-melting-point glass. The silicate salt may pref-
erably be an alkali silicate salt, and preferable examples
thereof include sodium metasilicate (Na,SiO3), lithium
metasilicate (Li,SiO3), potassium metasilicate (K,SiO3),
sodium orthosilicate (Na,SiO,), and sodium metadisili-
cate (Na,Si,O5). Examples of the low-melting-point glass
include borosilicate (lead) glass, lead oxide-based glass,
bismuth oxide-based glass, and vanadium oxide-based
glass. Carbon fiber may also be used as the binder. Car-
bon fiber used as the binder may also function as a highly
thermal-conductive material while forming the framework
structure of the chemical heat storage structure thereby
to enhance the mechanical strength.

(3) Highly thermal-conductive material

[0036] Mixing the highly thermal-conductive material
allows a thermal conduction pass to be formed in the
chemical heat storage structure thereby to enhance the
thermal conductivity. The highly thermal-conductive ma-
terial may be, such as, but not limited to, carbon fiber or
ceramics having a high thermal conductivity. The carbon
fiber may be PAN-based carbon fiber made of acrylic
fiber or PITCH-based carbon fiber made of pitch. Exam-
ples of ceramics include silicon carbide (SiC) and alumi-
num nitride (AIN). In any case, preferable ones may be
those which are stable in the heat medium, such as am-
monia.

[0037] The reason that the chemical heat storage
structure having a higher thermal conductivity is prefer-
able may be as follows. Performance of the chemical
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heat storage system depends on the reaction rate be-
tween the chemical heat storage structure and the heat
medium (such as water or ammonia). This reaction rate
is affected by (i) the infiltration rate of the heat medium
into the chemical heat storage structure (absorption rate,
release rate), (ii) the generation rate of hydrate, ammine
complex or the like, and (iii) the heat exchange rate be-
tween the chemical heat storage structure and the exter-
nal. Among them, the heat exchange rate is rate-deter-
mining and considerably affects the performance of the
chemical heat storage system. Therefore, the chemical
heat storage structure provided therein with a proper
amount of the highly thermal-conductive material (such
as carbon fiber) having excellent thermal conductivity
and thermal transfer ability may enhance the heat ex-
change rate and thus improve the performance of the
chemical heat storage system.

«Manufacturing method for chemical heat storage struc-
ture»

[0038] Manufacturing method for the chemical heat
storage structure according to the present invention ba-
sically comprises: a structure mixing step that mixes the
above-described chemical heat storage material (heat
storage particle) and the binder and, if necessary, the
highly thermal-conductive material; and a structure mold-
ing step that pressurizes and molds the obtained mixture,
and may preferably further comprise a calcination step
that heats the molded body and causes it to be a calcined
body.

(1) Structure mixing step

[0039] The structure mixing step is a step that obtains
a mixture in which the chemical heat storage material
and the binder and, if necessary, the highly thermal-con-
ductive material are mixed (or dispersed), for example.
The method of mixing is not restricted, but if the mixture
contains a material, such as carbon fiber, which is likely
to be damaged, then raw materials may be dispersed
into a dispersion medium and the dispersion medium
may be removed thereby to provide the mixture. Note
that the metal chloride that constitutes the chemical heat
storage material readily reacts with water to deliquesce
or cause some changes. In this respect, the dispersion
medium may preferably be an organic dispersion medi-
um, such as acetone, heptane, hexane or toluene, which
is free from water. In any event, this structure mixing step
may preferably be conducted under a low humidity envi-
ronment. The "low humidity environment" as used herein
may be such that the water concentration in the atmos-
phere is 0.7% or less, preferably 0.3% or less, and more
preferably 0.1 % or less.

(2) Structure molding step

[0040] In the structure molding step, pressurizing and
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molding may be performed by putting the mixture of ma-
terials such as the chemical heat storage material and
the binder into the cavity of a mold, or compression and
shape-forming may otherwise be performed such as by
means of roller without using a mold. Any method may
be employed depending on the shape of the chemical
heat storage structure as needed. The molding pressure
in this operation may preferably be 40-300 MPa, and
more preferably 60-250 MPa, for example. Unduly low
molding pressure may deteriorate the thermal output per
volume of the chemical heat storage structure and/or the
mechanical strength, while unduly high molding pressure
may make it difficult to ensure a certain porosity required
for absorbing and releasing the heat medium. This struc-
ture molding step may also be performed preferably un-
der a low humidity environment.

(3) Structure calcination step

[0041] Although not necessarily required, the structure
calcination step may be performed so that a chemical
heat storage structure can be obtained in which materials
such as the chemical heat storage material and the binder
are strongly bonded. The calcination temperature may
preferably be 100-300 degrees C, and more preferably
150-250 degrees C. Unduly low calcination temperature
may make it difficult to obtain a strong calcined body
(chemical heat storage structure), while unduly high cal-
cination temperature may excessively progress the sin-
tering among the chemical heat storage material particles
to block the infiltration of the heat medium into the chem-
ical heat storage structure, thus being undesirable. The
calcination step may preferably be performed in a degree
of vacuum of 1,000 Pa or less, and more preferably 100
Pa or less. This is because the chemical heat storage
material may be prevented from deteriorating due to the
reaction with the atmospheric components.

[Examples]

[0042] The present invention will be more specifically
described with reference to examples.

«Preparation of samples»
<First Example: Sample No. 1>
(1) Mixing step

[0043] As raw materials, powder of hydrate of calcium
chloride (CaCl,-2H,0) (C5080 available from Sigma-
Aldrich Co. LLC.) and powder of hydrate of strontium
chloride (SrCl,:6H,0) (197-04185 available from Wako
Pure Chemical Industries, Ltd.) both being metal halides
(alkaline-earth metal chlorides) were prepared. These
powders were weighed to have a molar ratio of 1:1 and
mixed using an agate mortar, and a powder mixture was
thus obtained. Note that this mixing step was performed
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under a low humidity environment of a water concentra-
tion: 1 ppm or less using a glove box available from MIWA
MFG CO., LTD.

(2) Molding step

[0044] The powder mixture was pressurized under 0.7
tonf/cm?2 (68.6 MPa), and a sheet-like molded body of
15X 15X2 mm was obtained. This molding step was per-
formed under a low humidity environment of a water con-
centration: 1 ppm or less using the previously-described
glove box.

(3) Calcination step

[0045] This molded body was calcined at 600 degrees
C, and a calcined body was obtained. This calcination
step was performed in a vacuum processing furnace of
1 Paor less. The calcined body obtained in such a man-
ner was subjected to various measurements as will be
described later, as Sample No. 1. Note that this calcined
body was crushed to be used as a sample for X-ray dif-
fraction measurement.

[0046] <Comparative Examples: SamplesNo.C1-C3>

(1) Sample No. C1

[0047] Powder of CaCl, (C4901 available from Sigma-
Aldrich Co. LLC.) and powder of SrCl, (439665 available
from Sigma-Aldrich Co. LLC.) were weighed to have a
molar ratio of 1:1 and mixed using a scoopula. The pow-
der mixture obtained in such a manner was used as Sam-
ple No. C1. Note that mixing of raw materials was per-
formed under a low humidity environment of a water con-
centration: 1 ppm or less using the previously-described
glove box.

(2) Sample No. C2 and Sample No. C3

[0048] The above powder of CaCl, itself was used as
Sample No. C2, and the above powder of SrCl, itself was
used as Sample No. C3. Samples No. C1-C3 were also
subjected to the same measurements as those for Sam-
ple No. 1.

«Measurements»
(1) X-ray diffraction measurement

[0049] X-ray diffraction measurement was conducted
for each ofthe chemical heat storage materials (powders)
of Sample No. 1 and Sample No. C1. Respective X-ray
diffraction patterns obtained in such a manner are shown
in Fig. 1. Note that the measurement was conducted un-
der a room temperature/atmospheric air condition using
RINT-TTR, including a CuK alpha radiation source, avail-
able from Rigaku Corporation. Simplified sealing treat-
ment was employed to prevent reactions between the
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sample and the atmospheric components during the
measurement.

(2) Lattice constants

[0050] To determine the unit cell volume (V) related to
V/Z of each sample, the crystal system of the sample and
the diffraction index of each diffraction line were identified
from the profile obtained through the X-ray diffraction
measurement, and the lattice constants of the crystal of
the sample were calculated using the least-square meth-
od.

(3) Pressure-composition isotherm measurement

[0051] A reactor was filled with each of chemical heat
storage materials of Samples No. 1-C3, and the relation-
ship between the pressure (150-600 kPa) and the com-
position (ammonia coordination number) at a constant
temperature (69 degrees C) was examined on the basis
of the volume tire the method. Results of respective sam-
ples are collectively shown in Fig. 2. This measurement
was performed specifically as below. The reactor (inner
volume of about 5 cc) was filled with the sample under a
low humidity environment of a water concentration of 1
ppm or less and sealed. The reactor was connected to
a handmade Sieverts-type apparatus and evacuated to
vacuum. The space of the reactor filled with the sample
was heated to 69 degrees C using a water bath, and
pressurized with NH5 to 570 kPa. Thereafter, the pres-
sure was reduced to 100 kPa at 69 degrees C, and the
measurement was initiated from this state.

[0052] Note that the reactor used herein is made of
stainless steel and provided with valves and pressure
gauges for supply/degassing of ammonia gas.

[0053] This measurement was repeated five times for
Sample No. 1, which exhibited a similar pressure change
and change in coordination number every time. In other
words, even if absorption/release of ammonia was re-
peated, deterioration was not observed in the chemical
heat storage material of Sample No. 1.

«Evaluation»
(1) Crystal structure

[0054] As apparent from the X-ray diffraction pattern
shown in Fig. 1, a CaCl,-type crystal structure and a
SrCl,-type crystal structure corresponding respectively
to the CaCl, powder and the SrCl, powder as raw ma-
terials were observed for Sample No. C1.

[0055] In contrast, Sample No. 1 obtained by mixing,
molding and calcinating the raw materials was found to
have a Srly-type crystal structure differentfrom the crystal
structures of CaCl, and SrCl,. From the above, it can be
said that Sample No. 1 is a novel double metal chloride
(Cag 5Sry 5Cly) in which the constituent elements are
combined in the atomic level and which is different from
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CaCl, and SrCl,. Figs. 3A-3C show the schematic crystal
structures of Cag 5Sry 5Cl, of Sample No. 1 and CaCl,
and SrCl, as raw materials thereof, respectively. These
crystal structure diagrams were derived on the basis of
the result of Rietveld analysis for the X-ray diffraction
patterns shown in Fig. 1. Also from these results,
Ca 5Sr, 5Cl, of Sample No. 1 was confirmed to have the
Srl,-type crystal structure different from the CaCl,
(CaCly-type crystal structure) and the SrCl, (CaF,-type
crystal structure) as the raw materials thereof.

) Viz

[0056] For each sample, the crystal index value (V/Z)
was obtained by dividing a unit cell volume (V) calculated
from the lattice constants by the number of chemical units
(2) of the sample. The V/Z of Sample No. 1 was 81.3
cubic angstroms (V: 650.4 cubic angstroms/Z: 8). On the
other hand, the V/Z of Sample No. C2 (CaCl,) was 83.9
cubic angstroms (V: 167.8 cubic angstroms/Z: 2), and
the V/Z of Sample No. C3 (SrCl,) was 84.7 cubic ang-
stroms (V: 338.7 cubic angstroms/Z: 4). From the above,
it may be understood that Sample No. 1 has a smaller
V/Z than those of Sample No. C2 and Sample No. C3.
One of reasons that the V/Z of Sample No. 1 is not an
intermediate value between those of Sample No. C2 and
Sample No. C3 may be due to having another crystal
structure (Srl,-type crystal structure).

[0057] It can be said from the above that the mixture
of CaCl, and SrCl, is molded and calcined thereby to
facilitate the diffusion of calcium ions (Ca2*), strontium
ions (Sr2*) and chlorine ions (ClI) so that the double metal
chloride (Cag 5Srg 5Cly) is generated to have a thermo-
dynamically stable crystal structure compared to that of
a simple mixture of CaCl, and SrCl,.

(3) Pressure change and change in coordination number

[0058] As found from Fig. 2, the Cag 5Sr; 5Cl, of Sam-
ple No. 1 comes to an equilibrium state when the ammo-
nia pressure is 490 kPa (equilibrium pressure), and an
ammonia absorption/release reaction (heat medium ab-
sorption/release reaction) occurs as below.

(Reaction 1-1/ammonia pressure: 490 kPa)
Ca0_5SI’0_SC|2'2NH3+6NH3 <> Ca0_5Sr0_SC|2'8NH3

[0059] It may therefore be understood that using the
chemical heat storage material of Sample No. 1 allows
the coordination number of ammonia to change even six
when the ammonia absorption/release reaction once oc-
curs under a certain pressure (equilibrium pressure), so
that a large endotherm or exotherm is possible and a
large heat storage density can thus be obtained. In ad-
dition, as previously-described, this chemical heat stor-
age material can be repeatedly used and therefore has
excellent durability.

[0060] In contrast, also as found from Fig. 2, Sample
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No. Cl may involve 4-step reaction as below depending
on the equilibrium ammonia pressure where the ammo-
nia absorption/release reaction comes to an equilibrium
state.

(Reaction Cl-1/ammonia pressure: 340 kPa)
0.5SrCly'NH3+0.5NH5 <> 0.5SrCl,-2NH4
(Reaction Cl-2/ammonia pressure: 350 kPa)
0.5CaCly,2NH3;+NH3 <> 0.5CaCl,-4NH4
(Reaction Cl-3/ammonia pressure: 460 kPa)
0.5SrCly-2NH3+3NH5 <> 0.5SrCl,-8NH4
(Reaction Cl-4/ammonia pressure: 560 kPa)
0.5CaCly"4NH5+2NH5 <> 0.5CaCl,-8NH4

[0061] Ifthe chemical heat storage material of Sample
No. Cl is used, then the change in coordination number
due to the ammonia absorption/release reaction caused
under one equilibrium pressure is merely 0.5-3. That is,
the endotherm or exotherm is small when the ammonia
absorption/release reaction once occurs, and the heat
storage density is also small. In addition, to obtain a large
change in coordination number (6.5), the ammonia pres-
sure may have to be varied at least within a wide range
of 340-560 kPa (pressure difference of 220 kPa) so that
the Reactions C1-1 to C1-4 progress continuously, thus
being inefficient.

[0062] As found from Fig. 2, the ammonia absorp-
tion/release reaction of Sample No. C2 may be 2-step
reaction as below depending on the equilibrium ammonia
pressure.

(Reaction C2-1/ammonia pressure: 350 kPa)
CaCly-2NH3+2NH3 <> CaCly-4NH4
(Reaction C2-2/ammonia pressure: 560 kPa)
CaCl,4NH3+4NH5 <> CaCl,-8NH4

[0063] Also in this case, the change in coordination
number due to the ammonia absorption/release reaction
caused under one equilibrium pressure is 2 or 4, and the
endotherm or exotherm is small when the ammonia ab-
sorption/release reaction once occurs. In addition, to ob-
tain a large change in coordination number (6), the am-
monia pressure may have to be varied at least within a
wide range of 350-560 kPa (pressure difference of 210
kPa) so that the Reactions C2-1 and C2-2 progress con-
tinuously, thus also being inefficient.

[0064] As found from Fig. 2, the ammonia absorp-
tion/release reaction of Sample No. C3 may also be 2-
step reaction as below depending on the equilibrium am-
monia pressure.

(Reaction C3-1/ammonia pressure: 340 kPa)
SrCly'NH3+NH3 <> SrCl,2NH4

(Reaction C3-2/ammonia pressure: 460 kPa)
SrCly-2NH3+6NH3 <> SrCl,-8NH3

[0065] In this case, the change in coordination number
due to the ammonia absorption/release reaction caused
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under one equilibrium pressure is 1 or 6, but in order to
obtain a larger change in coordination number (7), the
ammonia pressure may have to be varied at least within
a wide range of 340-460 kPa (pressure difference of 120
kPa) so that the Reactions C3-1 and C3-2 progress con-
tinuously.

[0066] Thus, the chemical heat storage material com-
prising the double metal salt such as Sample No. 1 caus-
es a large change in coordination number in the vicinity
of the equilibrium ammonia pressure unlike the conven-
tional single metal salts and the metal salt mixture there-
of. Therefore, the chemical heat storage material accord-
ing to the present invention can be used in a chemical
heat storage system thereby to improve the efficiency of
the system. Moreover, the chemical heat storage mate-
rial according to the present invention exhibits a different
equilibrium ammonia pressure than those of single metal
salts thereby to improve the matching with a heat medium
storage material which would have a poor matching with
conventional single metal salts.

[0067] <Second Example: Sample No. 2>

(1) Preparation of sample

[0068] A chemical heat storage material (Sample No.
2) was prepared using the same raw material powders
as those for the First Example except for changing the
mixing molar ratio to a different value from that of Sample
No. 1. Namely, the mixing molar ratio of Sample No. 2
was CaCl,2H,0:SrCl,-6H,0=3:7. Other conditions,
such as in each step of mixing, molding and calcinating,
for preparing Sample No. 2 were similar to those for Sam-
ple No. 1.

(2) Measurement

[0069] Sample No. 2 obtained in such a manner was
subjected to the pressure-composition isotherms meas-
urement like for Sample No. 1. Note, however, that the
pressure range during this measurement was 200-600
kPa. In this case, an ammonia absorption/release reac-
tion (heat medium absorption/release reaction) as below
was caused in Sample No. 2 with the change in coordi-
nation number being 6 across a boundary of the ammonia
gas pressure: 485 kPa (equilibrium pressure).

Cag.3STy 7Clo2NH,+6NH, o

(3) Evaluation

[0070] As apparent from Sample No. 1 and Sample
No. 2, even if the combining ratio x of a double metal
chloride Ca,SrqCl, (0<x<1) varies, the coordination
number of ammonia can be drastically changed due to
the ammonia absorption/release reaction at a time, pro-
vided that the double metal chloride is under a certain
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pressure (equilibrium pressure) depending on the com-
bining ratio. In other words, it has been confirmed that
adjusting the composition of a double metal chloride al-
lows a chemical heat storage material to be obtained
which matches the heat medium storage material, and
the efficiency of a chemical heat storage system can be
widely improved.

Claims

1. A chemical heat storage material that becomes ex-
othermic or endothermic due to absorption orrelease
of a heat medium, wherein
the chemical heat storage material comprises a dou-
ble metal salt (MX,,, n: average valence number of
M) that is a metal halide comprising a metal element
(M) and a halogen element (X), and at least one of
the metal element and the halogen element compris-
es two or more types of elements.

2. The chemical heat storage material as recited in
claim 1, wherein
the heat medium is ammonia or water, and
the chemical heat storage material absorbs the am-
monia thereby to be an ammine complex
(MX,-aNH, a: coordination number of ammonia) or
absorbs the water thereby to be a hydrate
(MX,,-bH,0, b: coordination number of water).

3. The chemical heat storage material as recited in
claim 1 or 2, wherein
the double metal salt has a crystal structure in which
a coordination number of the heat medium changes
by at least 4 or more due to absorption or release of
the heat medium.

4. The chemical heat storage material as recited in ei-
ther one of claims 1 to 3, wherein
the double metal salt has a crystal structure in which
a crystal index value (V/Z) obtained by dividing a unit
cell volume (V) by a number of chemical units (Z) of
the MX,, contained in a crystal unit cell is 50 to 130
cubic angstroms.

5. The chemical heat storage material as recited in ei-
ther one of claims 1 to 4, wherein
the double metal salt has a crystal structure of either
CaF,-type, Srl,-type, CaCl,-type, SrBry-type,
PbCl,-type, CdCly-type, or Cdl,-type.

6. The chemical heat storage material as recited in ei-
ther one of claims 1 to 5, wherein
the metal elementis an alkaline-earth metal element.

7. The chemical heat storage material as recited in ei-
ther one of claims 1 to 6, wherein
the double metal salt is a double alkaline-earth metal
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halide that comprises two or more types of alkaline-
earth metal elements and a halogen element.

The chemical heat storage material as recited in ei-
ther one of claims 1 to 7, wherein

the double metal salt is an alkaline-earth metal dou-
ble halide that comprises an alkaline-earth metal el-
ement and two or more types of halogen elements.

The chemical heat storage material as recited in
claim 7, wherein

the double alkaline-earth metal halide is Ca,Sr,_,Cl,
(0<x<1).

A manufacturing method for a chemical heat storage
material, comprising a calcination step that calcines
a metal salt mixture obtained by mixing two or more
types of metal salts, wherein

the chemical heat storage material as recited in ei-
ther one of claims 1 to 9 is obtained.

The manufacturing method for a chemical heat stor-
age material as recited in claim 10, further compris-
ing amolding step that obtains, before the calcination
step, a molded body in which the metal salt mixture
is pressurized and molded, wherein

the calcination step is a step that calcines the molded
body to obtain a calcined body.

A chemical heat storage structure comprising: the
chemical heat storage material as recited in either
one of claims 1 to 9; and a binder that holds the
chemical heat storage material.

The chemical heat storage structure as recited in
claim 12, wherein

the binder comprises a carbon fiber that is a highly
thermal-conductive material having a higher thermal
conductivity than that of the chemical heat storage
material.

The chemical heat storage structure as recited in
claim 12, further comprising a highly thermal-con-
ductive material having a higher thermal conductivity
than those of the chemical heat storage material and
the binder.
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